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I. INTRODUCTION 

I n  recent years  in tense  research has been d i r e c t e d  toward t h e  develop- 
m e n t  of coal  t r e a t i n g  processes  designed t o  produce hydrocarbons f o r  t h e  chemical 
industry.  The major p o r t i o n  of t h i s  e f f o r t  has been aimed at producing p i p e l i n e  
gas  and coal-derived l i q u i d  fue ls ,  such as gasol ine ,  by processes  involving high 
pressure,  c a t a l y t i c  hydrogenation c a r r i e d  out  i n  f l u i d  bed (l), slurry (2,3) and 
t r a n s p o r t  r e a c t o r s  (4) .  

While t h e  processes  f o r  producing gaseous and l i q u i d  f u e l s  by conven- 
t i o n a l  techniques w e r e  being developed, explora tory  experiments t o  i n v e s t i g a t e  
t h e  rapid pyro lys i s  of  coa l  t o  gaseous products  were  i n  progress.  
s t u d i e s  energy sources such as d.c. arcs ( 5 , 6 ) ,  lasers ( 7 ) ,  f l a s h  lamps (8), 
plasma jets (9-12)  and a r c  image furnaces  (13,14) have been used t o  heat  coa l  a t  
tempefatures above l5OOOC. The results of t h e s e  s t u d i e s  show that t h e  rap id  
p y r o l y s i s  of coal  produces a gaseous m i x t u r e  of which ace ty lene  i s  t h e  p r i n c i p a l  
hydrocarbon constktuent.  These r e s u l t s  are cons is ten t  wi th  t h e  free energy data 
of Wagman, et  a1 (15) and Howard, e t  a1 (16) (Figure 1) which show that at ordin-  
ary temperature t h e  p a r a f f i n i c  and o l e f i n i c  hydrocarbons are mre stable thsn  
acetylene,  b u t  w i t h  increas ing  temperature the free energ ies  of t h e s e  hydrocarbons 
become progress ive ly  more p o s i t i v e  u n t i l  a t  temperatures above 12@C t h e y  are 
less s t a b l e  than acetylene.  I n  gaseous mixtures above 1200°C,  therefore ,  acety-  
lene should be t h e  predominant-species.  Upon cool ing t h e  mixture, however, much 
of t h e  acetylene i s  l o s t  as it becomes more unstable  toward i t s  elements as w e l l  
as t3r:ard o t h e r  hydrocarbons. The fact t h a t  acetylene i s  i d e n t i f i e d  i n  t h e  
cooled gas  mixture, however, i n d i c a t e s  t h a t  t h e  rate of t h e  formation is  g r e a t e r  
than t h e  rate of t h e  decomposition react ions.  From t h e s e  cons iders t ions  it i s  
obvious t h a t  t o  produce appreciable  q u a n t i t i e s  of  ace ty lene  it i s  necessary to  
heat  t h e  reac tor  mixture t o  temperature above 1200% t o  obta in  a mixture r i c h  i n  
ace ty lene  and then t o  quench t h i s  mixture r a p i d l y  i n  order  t o  preserve  as much of 
t h e  ace ty lene  as poss ib le .  Features  of a plasma jet r e a c t o r  which allow t h e  
reac t ion  mixture t o  be heated t o  approximately 2000oC and rap id ly  cooled t o  ambient 
condi t ions i n  a matter o f  mil l iseconds obviously e x h i b i t s  p o t e n t i a l  as a r e a c t o r  
for  t h e  conversion of c o a l  or o t h e r  hydrocarbons t o  acetylene.  

In  t h e s e  

A. APPARATUS 

The work described i n  t h i s  paper  i s  concerned with t h e  formation of 
ace ty lene  through t h e  exposure of  coa l  t o  hydrogen which has  been heated by pass-  
i n g  it through a n  e l e c t r i c  disctiarge. 
s t r a t e d  by previous workers (9, 10, 11) who showed that ace ty lene  could be pm- 
duced by heat ing coa l  i n  an argon p l a s m  jet. It was f u r t h e r  shown t h a t  t h e  
ace ty lene  formetion could be enhanced by including small amounts of hydrogen i n  
t h e  argon stream. Each group of workers, however, was l i m i t e d  t o  hydrogen concen- 
t r a t i o n s  below 30$ by t h e  severe erosion o f  t h e  e l e c t r o d e s  of  t h e  plasma generator  
when operated a t  higher  hydrogen f r a c t i o n s .  

The b a s i s  for t h i s  technique was demon- 
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A t  AVCO it was found t h a t  a plasma genera tor  equipped with a tung- 
s ten- t ipped  cathode and a water-cooled copper anode could b e  operated using pure 
hydrogen gas  without measurable e ros ion  o f  t h e  e lec t rodes .  This u n i t  was there-  
f o r e  adapted t o  a r e a c t o r  chamber which would allow t h e  in t roduct ion  o f  coa l  
d i r e c t l y  i n t o  t h e  plasma jet  followed by immediate cooling t o  room temperature 
i n  a water-cooled chamber and water-cooled exit pipes. A schematic drawing of 
t h e  r eac to r  i s  shown i n  F igure  2. 
when operated with hydrogen i s  754 e f f i c i e n t ,  i.e., 75$ o f  t h e  electric energy 
i s  converted t o  gas  enthalpy. This was determined by measuring t h e  energy ab- 
sorbed by cooling water c i r c u l a t e d  around t h e  e lec t rodes .  
determined t h a t  when opera ted  with argon it was on ly  50 t o  554 e f f i c i e n t .  

The plasma genera tor  i s  a 30 kw unit ,which 

S i m i l i a r l y  it was 

To ob ta in  an  estimate o f  t h e  r eac t ion  temperature and temperature 
p r o f i l e s ,  p rovis ion  f o r  measuring t h e  temperature at twenty fou r  s t a t i o n s  within 
t h e  r eac to r  were made. Tungsten-5$ rhenium tungsten-26$ rhenium thermocouples 
from t h e  nozzle, v iz . ,  3/4", l?' and 1 314 These thermocouples and housings 
provided t h e  c a p a b i l i t y  for  measuring temperatures up t o  5000°F, The m i l l i v o l t  
outpclt of t h e  thennocouples was fed  t o  a mul t ipos t t i on  recorder  so t h a t  t h e  time- 
temperature h i s t o r y  a t  each O f  t h e  t h r e e  v e r t i c a l  p o s i t i o n s  could b e  obtained 
simultaneously. The r a d i a l  temperature d i s t r i b u t i o n  was obtained b y  e igh t  
measurements made a t  $' i n t e r v a l s  f r o m  t h e  c e n t e r l i n e  of t h e  r e a c t o r  a t  each of 
t h e  t h r e e  v e r t i c a l  d i s t ances .  
i n  t h e  r e a c t o r  a t  d i s t ances  of up t o  1 314" f r o m  t h e  nozzle. 
of each curve shown was drawn b y  symmetry t o  t h e  measured r i g h t  s ide .  

i f  . 

Figure 3 shows t h e  measured temperature p r o f i l e  
The lef t  s i d e  

For t h e  ope ra t ing  condi t ions  shown on t h e  f igu re ,  t h e  temperature 
of t h e  hydrogen leaving  t h e  nozz le  was ca lcu la t ed  t o  b e  52OoOF. The measurements 
show t h a t  t h i s  temperature dec l ined  t o  41000F a t  314" from t h e  nozzle and then t o  
24000F at l$' and t o  lgOWF at 1 314". The r a d i a l  temperature d i s t r i b u t i o n  shows 
a steep gradien t  at  t h e  3/4" d i s t ance  but  on ly  a s l ight  g rad ien t  at 1 3/4" as t h e  
j e t  expands as  it progresses away f r o m  t h e  nozzle. 

Temperature measurements w i th  c o a l  feeding  were attempted bu t  
could not be  extended for more than  seve ra l  seconds because t h e  coa l  reac ted  
r ap id ly  with t h e  b e r y l l i a  shea th  and then  wi th  t h e  tungsten-rhenium thermocouples. 
When t h e  coa l  was introduced, t h e  c e n t e r l i n e  temperatures o f  t h e  two f u r t h e s t  
thermocouples, l$' and 13/4" from t h e  nozzle, dropped about 500°F before  t h e  themo-  
couples f a i l e d .  The thermocouples closest t o  t h e  nozzle, however, d id  not record 
a temperature dec l ine  i n d i c a t i n g  that t h e  coal was not  reaching t h e  h o t t e s t  part 
of t h e  je t .  

B 

The coa l  is  fed  t o  t h e  reactor from a 6000 gram hopper by means of 
a screw feed system. 
rate i s  cont ro l led  by a v a r i a b l e  speed motor. 
introduced t o  t h e  coal f eed  l i n e  after t h e  screw feed  t o  act as a carrier gas. 
The coal-hydrogen mixture  is conducted i n t o  a circular manifold from which it is  
i n j e c t e d  i n t o  t h e  plasma through a series of small holes  around t h e  i n s i d e  
diameter,  as i l l u s t r a t e d  i n  F igure  4. 
I25  g/min and 550 g/min are p o s s i b l e  wi th  t h i s  arrangement. 

The speed of t h e  screw feeder  and consequently t h e  coa l  feed 
Hydrogen, t y p i c a l l y  2.4 S m ,  is 

Controlled mal feed  rates of between 

The e f f l u e n t  gases  from the coal-hydrogen r eac t ion  are sampled 
b y  means o f  a probe i n  one of t h e  exit l i nes .  
analyze t h e  co l l ec t ed  gases  , ising a Porapak N column and a flame ion iza t ion  
d e t e c t o r  t o  analyze for t h e  hydrocarbons and a silica g e l  column and a thermal 
conduct iv i ty  de t ec to r  t o  ana1,yze for U2, CO, CO2 ar,d air. 

Gas chromatography i s  then used t o  

I n  s tudying  t h e  f e a s i b i l i t y  of producing ace ty l ene  by subjecting. coal 
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t o  arc heated hydrogen it i s  evident t h a t  t h r e e  c r i t i ca l  parameters must be  
measured: 
required t o  produce a pound of ace ty lene  
t h e  exit gases. 
process va r i ab le s ,  it i s  important t o  des igna te  t h e  opera t ing  condi t ions  a t  which 
t h e  c r i t i c a l  parameters are optimum, i.e., a high y i e l d  and concent ra t ion  and a 
low specific energy requirement (SER). Considering t h e  process, two va r i ab le s ,  
t h e  rate of coa l  feed and t h e  en tha lpy  of t h e  hydrogen from t h e  arc appear t o  be 
o f  primary importance. For t h i s  reason, t h e  t h r e e  parameters, y i e ld ,  concentra- 
t i o n  and SER w e r e  s tud ied  first as a func t ion  of en tha lpy  a t  a cons tan t  Coal feed  
rate and then  as a func t ion  o f  coa l  feed  rate a t  a constant gas  enthalpy. 

1) t h e  y i e l d  of ace ty lene  per pound of coal used 2) t h e  energy 
3 )  t h e  concentration of ace ty l ene  i n  

Because each of these  parameters should b e  dependent on t h e  

I n  t h e  i n i t i a l  runs it was determined t h a t  the conversion process 

The subsequent runs w e r e  t h e r e f o r e  performed under reduced pressure. 
was m o r e  e f f i c i e n t  when t h e  r eac to r  was operated a t  pressures between 0.2 and 0.5 
atmospheres. 
P i t t sbu rgh  Seam C o a l ,  of a -100 + 200 cons i s t  was used i n  a l l  runs i n  t h i s  study. 

effect o f  gas  en tha lpy  and coal feed  rate 
on yie ld ,  concent ra t ion  and SER are shown i n  Figures 5 and 6 .  For t h i s  data, 
y i e l d  is def ined  as pounds of ace ty lene  produced per pound of coal ( inc luding  a sh  
and moisture conten t )  introduced, concent ra t ion  is  t h e  moles of ace ty l ene  per 
mole o f  exit gas  and SER i s  the  k i lowa t t  hours o f  e l e c t r i c i t y  t o  t h e  system ( in -  
cluding losses t o  t h e  e l ec t rodes  and walls) required t o  produce one pound of ace ty-  
lene .  

The results showing t h e  
\ 

111. DISCUSSION 

The genera l  effect of gas entha lpy  on t h e  critical parameters of 
t h e  process  are p red ic t ab le  and cons i s t en t  with t he  results shown i n  Figure 5. 
That is, it would be expected t h a t  t h e  ace ty lene  y i e l d  and concent ra t ion  should 
inc rease  wi th  increas ing  en tha lpy  and t h a t  t h e  S W  should go through a min3mum 
where enough energy is  available t o  convert  t h e  coal t o  ace ty l ene  wi th  a minimum 
of energy being l o s t  i n  t h e  e d t  gases. 

I, 

I n  considering t h e  effect of coa l  feed  rate, i l l u s t x a t e d  i n  
Figure 6, it is p r e d i c t a b l e  t h a t  t h e  y i e l d  should decrease w i t h  i nc reas ing  coal 
f eed  rate. 
average en tha lpy  o f  t h e  coal-gas mixture would decrease. 
would b e  p red ic t ed  t h a t  once t h e  i d e a l  coal feed rate for the fixed gas entha lpy  
of t h e  test was reached, t h e  concentration should reach a maximum and then 
decrease as t h e  average entha lpy  o f  t h e  mixture decreased wi th  inc reas ing  coal feed. 
S i m l l i a r l y  it could b e  p red ic t ed  t h a t  t h e  SER value should go through a minimum as 
a n  inc reas ing  percentage of t h e  energy i s  w e d  as sena ib l e  heat for the add i t iona l  
coal. 
t h e  concent ra t ion  appears t o  a t t a i n  a maxlmum at a coal f e e d  rate of 130 g/min, and 
t o  remain nea r ly  constant t o  f eed  rates of over 250 g/min. The SER values  behave 
i n  a sMliar manner, achieving a low value  of about  7 kwh/lb. a t  130 g. o f  coal/ 
min. and remaining cons tan t  t o  t h e  maximum coal feeds  t e s t e d .  

I It should also b e  expected t h a t  as t h e  coal f eed  was increased  t h e  
U s i n g  t h i s  reasoning it 

, 

These p red ic t ions  are not  subs t an t i a t ed  by the da ta  given in Figure 6 as 

L 

The depar ture  f r o m  t h e  p red ic t ed  behavior as t h e  coal f eed  was 
increased  can b e  explained on t h e  b a s i s  o f  t h e  competing r eac t ions  of forming 
ace ty l ene  a t  high temperatures on one hand and then  allowing it t o  decompose 
before it is e f f e c t i v e l y  quenched. 
amounts of acetylene decompose be fo re  it is  quenched a series of experiments t o  
s tudy  t h e  mte of ace ty l ene  decomposition was performed. 
a gas m i x t u r e  of 64 ace ty lene  and 94$ hydrogen was introduced through t h e  p o r t s  
where t h e  coal i s  normally in jec ted .  The amount of decomposition of t h e  acety- 
l e n e  -6 t hen  determined as 8 function of gas enthalpy. 

To subs t an t i a t e  t h e  premise that appreciable 

I n  t h e s e  experiments 

l 
The r e s u l t s ,  given i n  

i 
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Figure 7, showed t h a t  a t  h igh  gas  enthalpy (4.0 kw/ScFM) as much a s  3& of the 
o r i g i n a l  acetylene decomposed and a t  1.8 kw/SCFM, t h e  en tha lpy  l e v e l  for the  d a t a  
given i n  Figure 6 , 16% of t h e  ace ty lene  decomposed. Extrapolation of t h i s  d a t a  
ind ica t e s  t h a t  a s  t h e  en tha lpy  i s  decreased below 1.8 kw/SCFM b y  t h e  add i t ion  of 
coa l ,  t h e  rate of ace ty l ene  decomposition w i l l  a l s o  decrease.  The p l a t eaus  i n  
t h e  concentration and SER va lues  shown i n  Figure 6 can then be in t ep re t ed  as 
ind ica t ive  of a ba lance  i n  t h e  competing reac t ions  where although less ace ty lene  
is formed because of -  the decrease  i n  average en tha lpy  (caused by t h e  add i t iona l  
c o a l )  l e s s  ace ty lene  i s  decomposed for t h e  same reason. A t  some higher coa l  
feed r a t e ,  t h e  en tha lpy  of t h e  mixture w i l l  f a l l  below'the l e v e l  required t o  
form 8% acetylene and a corresponding decrease i n  t h e  f i n a l  ace ty lene  concentra- 
t i o n  w i l l  be observed. 

Since the e a r l y  work w i t h  t h e  argon plasma coa l  r eac t ions  (9-11) 
Newman and h i s  co-workers (12)  a t  t h e  National Coal Board i n  England have also 
adapted a hydrogen plasma j e t  t o  produce ace ty lene  from coal. The lowest SER 
value reported i n  t h i s  work corresponds t o  about 8.5 kwh/hr and was achieved wi th  
a gas  enthalpy of about 3.0 kw/SCFM a t  a coa l  feed r a t e  o f  160 g/min. 
value i s  apprec iab ly  h ighe r  than t h e  lowest values given i n  Figure 5 and compar- 
i son  of t h e  data sugges ts  t h a t  t h e  experiments a t  t h e  National Coal Board were 
performed a t  excessive gas en tha lp i e s .  I n  add i t ion  it was shown t h a t  t h e  r a d i a l  
coa l  i n j ec to r ,  i l l u s t r a t e d  i n  Figure 4, d i s t r i b u t e d  the coa l  more uniformly and 
consequently more e f f i c i e n t l y  than  a s t r a i g h t  tube i n j e c t o r  apparent ly  s i m i l i a r  
t o  t h e  one used by Newman e t  al .Russian workers (17) a l s o  developed a hydrogen 
plasma j e t  and used it t o  form ace ty lene  from methane. Thei r  SER values, however, 
were two t o  t h r e e  t i m e s  h igher  than  those  reported in  t h i s  paper. 

This SER 

Evaluation of t h e  process as a commercial method of producing a c e t -  
ylene can be based on a recent  s tudy  by t h e  Stone and Webster Engineering Co. (18). 
This study was designed t o  eva lua te  an  a rc -coa l  process  of producing ace ty lene  i n  
which the  coal i s  i n j e c t e d  i n t o  t h e  in t e r - e l ec t rode  region. The same c r i t i c a l  
parameters a r e  important i n  each process and t h e  same mine-mouth operation consid- 
e red  by Stone and Webster can b e  u t i l i z e d  i n  t h e  eva lua t ion  of t h e  a r c  heated 
hydrogen process.  

The cu r ren t  price of ace ty lene  depends on t h e  s i z e  of t h e  cont rac t ,  
t h e  loca t ion  and t h e  process.  For l a rge  con t r ac t s  ace ty lene  c o s t s  about 8#/lb when 
produced by t h e  carb ide  o r  partial  oxidation process.  (19) If w e  select 7#/lb 
as a t a r g e t  cos t  for producing acetylene by t h e  arc heated hydrogen process  w e  
can use t h e  Stone and Webster da t a  f o r  des igna t ing  t h e  combinationof opera t ing  
parameters required t o  make t h e  process v iab le .  Using a conservative p r i c e  f o r  
e l e c t r i c i t y  o f  5.25 m i l s  and considering a 300 mil l ion  pound per year p l a n t  it 
can be  shown t h a t  a process  i n  which the  y i e l d  i s  18$, t h e  concent ra t ion  12$ and 
t h e  SER value 4.5 kwh/lb, o r  a case in  which t h e  y i e l d  w a s  3&, t h e  concentra- 
t i o n  12$ and t h e  SER va lue  5.75 kwh/lb,would meet t h e  t a r g e t  cos t .  These values 
a r e  admittedly based on conserva t ive  data;  
c r e d i t s  were taken f o r  by-products and it was ind ica t ed  t h a t  e l e c t r i c i t y  cos t s  
o f  about 4.0 m i l s  could be negot ia ted  f o r  an ace ty lene  p l a n t  wi th  a load  o f  about 
100 mrr. If reasonable c r e d i t s  are taken f o r  t h e  chemical value of t h e  by-products 
and L.O m i l  power i s  used, a cost reduction o f  about 1.5 cen t s  p e r  pound could be 
r ea l i zed  o r  a process  i n  which t h e  SER value w a s  about 6.5 kwh/lb would be consid- 
e red  v iab le .  

t h a t  is, no c r e d i t s  o the r  than f u e l  

The most promising d i r e c t i o n  f o r  add i t iona l  improvements i n  t h e  process 
would appear t o  be toward u t i l i z i n g  t h e  h ighes t  temperature por t ions  of t h e  plasma 
j e t  to b e t t e r  advantage. As was ind ica t ed  i n  t h e  plasma temperature measurements, 
t h e  coa l  was not reaching t h e  c e n t r a l  po r t ion  of t h e  jet and consequently t h e  
h ighes t  energy gases  were n o t  be ing  u t i l i z e d  i n  t h e  conversion reac t ion .  Better 
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coa l  pene t r a t ion  may be  achieved by feeding a po r t ion  of t h e  c o a l  through a 
hollow cathode o r  by feeding t h e  coa l  counter-current t o  t h e  plasma jet. 

Another method i n  which t h e  r eac t ion  of coa l  with arc heated hydrogen 
could be u t i l i z e d  t o  advantage i s  i n  combination with t h e  p rev ious ly  c i t e d  (6) 
process  i n  which t h e  coa l  i s  in j ec t ed  d i r e c t l y  i n t o  t h e  arc. I n  such a process  
a large por t ion  of t h e  coal i s  v o l a t i l i z e d  i n  t h e  in t e r - e l ec t rode  region and 
t h e  e f f l u e n t  gas mixture cons i s t s  of ace ty lene  and o t h e r  hydrocarbon spec ies  as 
well  as arc heated hydrogen. In j ec t ing  c o a l  i n t o  t h i s  plasma je t ,  as shown i n  
Figure 6, should serve  to react with the arc heated hydrogen to  form a d d i t i o n a l  
acetylene,  as previous ly  shown, and t o  quench t h e  high temperature hydrocarbon 
spec ie s  to preserve  a high percentage of t h e  ace ty lene .  
t h e  t w o  processes would be  analogous t o  t h e  Huels process  (20) i n  which l i q u i d  
hydrocarbons are in j ec t ed  d i r e c t l y  i n t o  t h e  a r c  as w e l l  as downstream of t h e  arc. 
I n i t i a l  tests i n  which t h e  combined processes were t r i e d  wi th  c o a l  i n j e c t i o n  
showed a 10 t o  IS$ increase  i n  the  ace ty lene  concent ra t ion  w i t h  a corresponding 
decrease i n  SER values.  This  
can be t r aced  t o  t h e  a d d i t i o n a l  coal,  added downstream, which appa ren t ly  i s n ' t  
converted t o  ace ty lene  as e f f i c i e n t l y  as t h e  primary c o a l  charge i n j e c t e d  d i r e c t l y  
i n t o  the plasma. 
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